The oxysterol 25-hydroxycholesterol (25-HC) has diverse physiological activities, including the ability to inhibit anchorage-independent growth of colorectal cancer cells. Here, we found that a polyamine synthesis inhibitor, DFMO, prevented 25-HC-induced apoptosis in non-anchored colorectal cancer DLD-1 cells. Additionally, we found that the spermine synthesis inhibitor APCHA also inhibited 25-HC-induced apoptosis in DLD-1 spheroids. Inhibiting the maturation of SREBP2, a critical regulator of cholesterol synthesis, reversed the effects of APCHA. SREBP2 knockdown also abolished the ability of APCHA to counteract 25-HC activity. Furthermore, APCHA induced SREBP2 maturation and upregulated its transcriptional activity, indicating that altered polyamine metabolism can increase SREBP2 activity and block 25-HC-induced apoptosis in spheroids. These results suggest that crosstalk between polyamine metabolism and cholesterol synthetic pathways via SREBP2 governs the proliferative and malignant properties of colorectal cancer cells.
Introduction
A growing number of physiological processes are regulated by the oxysterol 25-hydroxycholesterol (25-HC) [1] . In vivo, 25-HC is specifically produced from cholesterol by cholesterol 25-hydroxylase [2] . Meanwhile, it is non-specifically generated together with other oxysterols by the action of ROS generated in mitochondria [3] . It is also easily generated when foodstuffs rich in fat (such as meat) are cooked [4] . However, the mechanisms that control the generation of 25-HC (and those that determine the biological responses to its production) are not well understood.
Among the classical functions of 25-HC is its ability to negatively control de novo cholesterol synthesis [5, 6] . SREBP2 (sterol regulatory element binding protein 2), which belongs to the basic-helix-loop-helixleucine zipper (bHLH-Zip) family, is the master transcription factor for cholesterol synthesis and is produced as a membrane-bound precursor protein localized in the endoplasmic reticulum [7, 8] . In the presence of excess cellular cholesterol, SREBP2 forms a dimer with SCAP (SREBP cleavage activating protein), which then binds to insulin inducing gene (INSIG), to form a trimer in the endoplasmic reticulum. When cholesterol content in cells is decreased, this trimerization is inhibited and the SREBP2-SCAP dimer is transported to the Golgi apparatus, where it is sequentially cleaved by proteolytic enzymes (S1P and S2P) around the membrane-binding site. The N-terminal fragment of SREBP2 then translocates to the nucleus, where it acts as a transcription factor for cholesterol synthesis. 25-HC inhibits the maturation and activation of SREBP2 by binding more tightly to SCAP and INSIG than cholesterol, thereby stopping de novo cholesterol synthesis [5, 6] .
Roles for 25-HC in addition to cholesterol metabolism are rapidly being elucidated, especially in cancer biology and immunology [9, 10] . 25-HC can inhibit the entry of several viruses into cells [6, 11, 12] . We previously reported that 25-HC induces anoikis specifically in colorectal cancer cells [13] . Normally, when epithelial cells lose contact with extracellular matrix, they undergo a form of apoptosis called anoikis. However, cancer cells often undergo epithelial-mesenchymal transformation (EMT), which allows them to overcome anoikis and metastasize [14] .
In this paper, we demonstrate that treatment with a spermine synthesis inhibitor, APCHA, induces SREBP2 maturation and increases its activation, thereby abrogating 25-HC-induced apoptosis in colorectal cancer DLD-1 cell spheroids. Chemical and genetic inactivation of SREBP2 abolished the prosurvival effect of APCHA. These results indicate that changes in polyamine metabolism affect cholesterol metabolism via SREBP2 in DLD-1 cell spheroids. They also suggest the involvement of polyamines in malignant transformation during the progression of colorectal cancer, and indicate that SREBP2 might be a new anticancer drug target.
Materials and methods

Cell culture, spheroids formation, and microscopy imaging
Human colorectal cancer DLD-1 cells (JRCB, Japan) were cultured in RPMI1640 medium supplemented with 10% fetal bovine serum and Penicillin (100U) -Streptomycin (100 μg/mL) solution at 37°C in a 5% CO 2 incubator. For spheroid formation or anchorage-independent cell growth, culture plates were coated with poly-(2-hydroxyethyl methacrylate) (poly-HEMA, Sigma Aldrich). Coating was achieved by pouring 5 mg/mL poly-HEMA in 95% ethanol into culture plate wells and allowing it to completely evaporate in sterile condition. For spheroid formation, DLD-1 cells were seeded into poly-HEMA-coated round bottom 96 well plates (1 × 10 4 per well) and cultured for 72 h. DLD-1 cell spheroids were observed with a light microscope CKX-41 and photographed using DP25 digital camera (Olympus).
Measurement of anchorage-dependent or independent growth (MTT assay)
DLD-1 cells were seeded onto normal or poly-HEMA-coated flat bottom 96 well culture plates (1 × 10 4 per well) and treated with/ without 25-hydroxycholesterol (25-HC, Sigma Aldrich) and/or difluoromethylornithine (DFMO, LKT laboratories or SCADS Inhibitor Kit, Screening Committee of Anticancer Drugs) and/or N-(3-Aminopropyl) cyclohexylamine (APCHA, Tokyo Chemical Industry, Japan) for 72 h. Cell growth was determined using 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT, Roche) as described previously [15] . In brief, DLD-1 cells were treated with MTT for 4 h and dissolved with SDS overnight. The production of formazan due to reduction of MTT by living cells was measured at 570 nm using a spectrophotometer (ARVO MX model or Nivo, PerkinElmer).
Measurement of cell spheroid growth
DLD-1 cells were seeded onto poly-HEMA-coated round bottom 96 well culture plates (1 × 10 4 per well) and treated with/without 25-HC, N-(3-Aminopropyl)cyclohexylamine and/or PF-429242 (Cayman Chemical) for 72 h. Cell spheroid growth was determined using the Cell Titer Glo 3D Cell Viability Assay kit (Promega) according to the manufacturer's instructions. The luminescence was measured by a luminometer ARVO MX model or Nivo (PerkinElmer) using white flat bottom 96 well plates (Thermo Scientific).
RNA interference assay
DLD-1 cells on normal 6-well plates were transfected with siRNAs (5 nM) using Lipofectamine RNAi MAX (Invitrogen). Silencer Negative Control #1 (AM4611) and SREBP2-specific siRNA (s27) (Ambion) were used. After incubation for 24 h, cells were collected for immunoblot analysis. For spheroid formation, transfected cells were trypsinized and resuspended in the same medium. Resuspended cells were plated onto poly-HEMA-coated round-bottom plates (1 × 10 4 per well) with/ without 25-HC and/or APCHA. After incubation for 72 h, spheroid growth was determined using the Cell Titer Glo 3D Cell Viability assay as above.
Immunoblot analysis
DLD-1 cells were seeded onto poly-HEMA-coated flat bottom 6 well plates (2 × 10 5 per well), and then treated with APCHA at different concentrations for 24 h. These cells and the siRNA-transfected cells described above were washed with cold PBS buffer. The cells were then lysed via sonication on ice in RIPA buffer (Fujifilm Wako) containing protease inhibitors (Roche). Total protein content was measured using a BCA Protein Assay Kit (Pierce). Equal amounts of protein were subjected to SDS-PAGE gel, electrophoresed, and transferred onto PVDF membrane. Membranes were blocked with fraction V BSA and incubated overnight with primary antibodies against SREBP2 (MBL, Japan) or β-actin (Fujifilm Wako). Membranes were washed and incubated with secondary goat anti-mouse IgG conjugated with HRP (MBL). Chemiluminescence signals generated with ECL plus (GE Healthcare) were detected using a luminoimage analyzer LAS4000 (GE Healthcare). 
Dual luciferase reporter assay
Quantification of 25-HC in mouse feces
Mouse (BALB/c, 8 weeks, n = 6) feces were collected randomly and dissolved in methanol-KOH (5:2, v/v). After 1 h hard mixing, 50% phosphate, water and hexane were added sequentially. These solutions were centrifuged at 3000 rpm. The hexane layers were cleaned up by Solid Phase Extraction (Bond Elut SI, Agilent Technologies). Fresh hexane and hexane-ethyl acetate (9:1, v/v) solutions were added sequentially. Fresh ethyl acetate was added into the eluted oxysterols and evaporated under stream nitrogen. Samples were resuspended in ethanol and measured by LC-MS (LCMS-8040, Shimadzu). An absolute calibration method was used to quantify 25-HC.
Statistical analysis
Data are presented as mean ± SEM (standard error of the mean). Dunnett's test was for the statistical comparison of the differences between control and other groups. Tukey's test was performed for the statistical comparison of the differences between all groups. All analyses were performed using BellCurve for Excel (Social Survey Research Information, Japan).
Results
Polyamine synthesis inhibitors block apoptosis induced by 25hydroxycholesterol in non-anchored or spheroid DLD-1 cells
We previously reported that 25-HC induced anoikis, a form of detachment-induced apoptosis, through the p38 MAPK pathway in colorectal cancer DLD-1 cells [13] . To determine whether 25-HC is present under physiological conditions, we measured its abundance in mouse feces and confirmed that is was readily detectable (820 ± 111 μg/kg). This suggests that 25-HC may slow down the development and progression of colorectal cancer, because feces could be directly exposed to the malignant cells.
To further investigate the mechanism of 25-HC-induced apoptosis, we screened for compounds that were able to inhibit the process in nonanchored DLD-1 cells. We identified difluoromethylornithine (DFMO), an inhibitor of ornithine decarboxylase (ODC), which is the rate-limiting enzyme of polyamine synthesis (Fig. 1A) . Elevated polyamine synthesis is present in some malignancies, including colorectal cancer, and correlates with malignancy; these observations have triggered many studies into the potential of DFMO as an anticancer agent [16] . In fact, DFMO also inhibited anchorage-independent growth of DLD-1 cells in a dose-dependent manner (Fig. 1B) . Surprisingly, we discovered that DFMO reduced 25-HC-induced apoptosis from 44% to 27%. However, treatment with DFMO alone also reduced viability by 36% (Fig. 1C ). There was a statistical difference between the 25-HC and DFMO +25-HC treatments, but no statistical difference between the DFMO and DFMO +25-HC treatments. These results suggest that the ability of DFMO to inhibit 25-HC-induced apoptosis is masked by the anti-proliferative effects of DFMO itself.
To overcome the limitations of DFMO as an inhibitor of all polyamine biosynthesis, we used N-(3-Aminopropyl)cyclohexylamine (APCHA), which selectively inhibits spermine synthase (Fig. 1A) [17] . In addition, we used three-dimensional multicellular tumor DLD-1 spheroids formed in poly-HEMA-coated round bottom plates in order to prevent variations in treatment responses and to standardize spheroid size and morphology [18] . As a result, treatment with 25-HC reduced the viability of DLD-1 cell spheroids to about 52%, but simultaneous treatment with APCHA and 25-HC restored viability to 77% ( Fig. 2A,  right) , while treatment with 25-HC had no effect on the viability of DLD-1 cells in normal two-dimensional (2D) culture condition ( Fig. 2A,  left) . Treatment with APCHA alone restored survival to approximately 92% and was associated with significantly less toxicity when compared to DFMO (p < 0.01) in DLD-1 spheroids. Furthermore, bubble-like dead cells were observed around spheroids after treatment with 25-HC ( Fig. 2B, upper right panel) , whereas this phenotype was suppressed by APCHA co-treatment ( Fig. 2B, lower right panel) . These results suggest that selective inhibition of polyamine synthesis can attenuate 25-HCinduced apoptosis in DLD-1 cell spheroids.
APCHA inhibits apoptosis induced by 25-hydroxycholesterol via SREBP2 activation
We surmised that inhibition of polyamine synthesis (especially APCHA-dependent inhibition of spermine synthesis and the consequent reduction of the spermine/spermidine ratio) could attenuate 25-HCdependent cell death by three different mechanisms. For example, APCHA might reduce pro-apoptotic signaling, or increase survival signaling. Alternatively, APCHA might reduce the intracellular concentrations of 25-HC. Recently, sterol regulatory element binding protein 2 (SREBP2), the master regulator of cholesterol synthesis, and its activator, site-1 protease (S1P), were suggested as metabolic targets in glioblastoma and colorectal cancer (Fig. 3A) [19, 20] . We inferred that APCHA might increase SREBP2 activity and therefore increase survival cell signaling and reduce intracellular 25-HC; indeed, SREBP2 upregulates cholesterol synthesis and decreases the intracellular 25-HC/ cholesterol ratio. Here, we used PF429242, a specific S1P inhibitor, to elucidate the involvement of SREBP2 in 25-HC-induced apoptosis in DLD-1 spheroids. Indeed, PF429242 abrogated the protective effects of APCHA (Fig. 3B, graph bars 7 and 8) , and 25-HC-induced apoptosis was actually enhanced by treatment with PF429242 ( Fig. 3B , graph bars 5 and 6). These results suggest that activation of SREBP2 might mediate A. SREBP2 activation pathway. Immature SREBP2 is digested sequentially by S1P and S2P, whereupon mature SREBP2 translocates to the nucleus and binds to sterol response element (SRE) sites on chromosomes. PF-429242 is a specific S1P inhibitor. B. Treatment of DLD-1 cell spheroids with PF-429242 (10 μM), APCHA (300 μM) and/or 25-HC (1 μM). Each plot represents the mean of seven independent experiments (each of which had triplicate data points). All data show the mean ± SEM. Tukey's test was performed. *P, **P and ***P indicate P < 0.05, P < 0.01 and P < 0.001, respectively. C. SREBP2 gene knockdown. SREBP2specific siRNA or negative control siRNA was transfected into non-anchored DLD-1 cells for 24 h. Cell lysates were electrophoresed through 10% SDS-PAGE, and then subjected to immunoblotting using anti-SREBP2 or anti-β-actin antibodies. D. DLD-1 spheroids transfected with negative control siRNA (left) or SREBP2 siRNA (right) were treated with 25-HC (1 μM) and/or APCHA (300 μM). Each plot represents the mean of four independent experiments (each of which had triplicate data points). All data show the mean ± SEM. Tukey's test was performed.
the protective effects of APCHA.
Next, we knocked down SREBP2 expression using a specific siRNA, and observed a reduction in SREBP2 in nearly all non-anchored DLD-1 cells (Fig. 3C ). We found that, when compared to control non-targeting siRNA, SREBP2 knockdown prevented the anti-apoptotic effects of APCHA (Fig. 3D) . These results indicate that SREBP2 counteracts the effects of 25-HC and may mediate the protective effect of APCHA with regard to 25-HC-induced apoptosis.
Finally, we examined whether APCHA regulated the expression or activity of SREBP2. Indeed, the mature form of SREBP2 was increased by APCHA in a concentration-dependent manner (Fig. 4A ). In addition, we examined whether APCHA increased the transcriptional activation of sterol response element (SRE), which is upregulated by SREBP2. Accordingly, the transcriptional activity of SRE was increased by 1.5fold relative to control cells in the presence of APCHA, and by 1.4-fold in the presence of the positive control Rosuvastatin, an HMG-CoA reductase inhibitor (Fig. 4B) . These results suggest that APCHA directly activates the expression, maturation and transcriptional activation of SREBP2.
Discussion
In this study, we found that the polyamine synthesis inhibitors DFMO and APCHA attenuate 25-HC-induced apoptosis in colorectal cancer DLD-1 cells in an SREBP2-dependent manner. Inhibiting SREBP2 (both chemically and genetically) abolished the effect of APCHA treatment. We also found that APCHA increased mature SREBP2 protein and increased the activity of SREBP2-responsive promoters.
Polyamines are a diverse set of polycationic alkylamines in mammalian cells, with putrescine, spermidine and spermine being particularly abundant [21] . Among their many functions, polyamines are essential for cell survival and proliferation [22] . DFMO, which inhibits all polyamine synthesis, is a potential anticancer agent [16] . Diacetylspermine, a diacetylated form of spermine, has attracted attention as a marker of colorectal cancer in the urine, and polyamine metabolism is implicated in the growth and progression of colorectal cancer [23] . APCHA, an intermediate inhibitor of polyamine synthesis, inhibited 25-HC-induced apoptosis of DLD-1 cell spheroids, a phenomenon not observed when the cells were cultured in 2D. Thus, the effects of polyamines in tumor cells are heavily context-dependent. We did attempt to show a direct role for polyamines in 25-HC-induced apoptosis, but the results were inconclusive (data not shown). Although the reasons for this remain unclear, we speculate that hydrophilic polyamines and hydrophobic 25-HC and APCHA may be absorbed with different efficiencies in the central part of spheroids.
Previously, we discovered that 25-HC-induced anoikis was inhibited by Y27632 treatment, a Rho-associated protein kinase inhibitor [13] . Therefore, we speculate that the sensitivity of 25-HC is influenced by properties of the cytoskeleton that vary according to 3D, anchorageindependent or 2D culture conditions. The effect of polyamines on DLD-1 cells may be influenced by the status of the cytoskeleton in a similar manner.
Although it is unclear why inhibition of spermine synthase by APCHA activates SREBP2, we suggest that a reduced spermine/ spermidine ratio or altered polyamine composition may play critical roles. Among the polyamines, spermidine is particularly important for cell growth, and is also an activator of autophagy [24, 25] . Meanwhile, in nutrient-deficient HeLa cells, SREBP2 induces autophagy-related genes and is required for the formation of autophagosomes [26] . Taken together, the APCHA-dependent increase of spermidine due to spermine synthase inhibition may contribute to activation of SREBP2 through the autophagic pathway. Interestingly, 25-HC has the opposite effect in breast cancer, where it promotes cell proliferation and progression [27] . This is because 25-HC stimulates estrogen receptor α in a breast cancer-specific manner and generates proliferative signals. This effect is more pronounced with 27-HC, an oxidized sterol related to 25-HC [28, 29] . Recently, Ortiz et al. reported that exosomes from melanoma downregulated cholesterol 25-hydroxylase in normal cells, which in turn reduces 25-HC production; the authors suggested that normal cells are more likely to convert to a pre-metastatic niche by taking up exosomes from melanoma [30] . These diverse observations indicate that the response of normal and cancer cells to 25-HC is highly contextdependent.
SREBP2 is upregulated in cancer cells and contributes to the malignant transformation of cancer [8] . Wen et al. reported that knockdown of SREBP suppressed the growth of colorectal cancer cells [20] . Here, we found that inhibition or knockdown of SREBP2 increased susceptibility to 25-HC, and that APCHA decreased 25-HC-induced apoptosis by increasing SREBP2 activity. Taken together, these data support the hypothesis that SREBP2 is a potential target for cancer therapy. We conclude that 25-HC-driven apoptosis in DLD-1 colorectal cancer cell spheroids is modulated by alterations in polyamine metabolism. In line with this, altered polyamine metabolism affected the activation state of SREBP2 (Fig. 4C) . These results provide new insight into the importance of SREBP2 as a cellular node connecting polyamine and cholesterol metabolism in colorectal cancer growth.
